Abstract Left atrial size in atrial fibrillation is a strong predictor of successful ablation and cardiovascular events. Cardiac magnetic resonance multislice method (CMR-MSM) is the current gold standard for left atrial volume (LAV) assessment but is time consuming. We investigated whether LAV with more rapid area-length method by echocardiography (Echo-AL) or cardiac magnetic resonance (CMR-AL) and invasive measurement by 3D-CARTO mapping during ablation correlate with the CMR-MSM. We studied 250 consecutive patients prior to atrial fibrillation ablation. CMR images were acquired on 3T scanner to measure LAV by MSM and biplane area-length method. Standard echocardiography views were used to calculate LAV by biplane arealength method. LAV during ablation was measured by 3D-CARTO mapping. LAV was compared using intra-class correlation (ICC), Pearson's correlation and Bland-Altman plots. CMR-MSM was used as the reference standard. Mean LAV using CMR-MSM was 112.7 ± 36.7 ml. CMR-AL method overestimated LAV by 13.3 ± 21.8 ml (11.2 %, p \ 0.005) whereas 3D-CARTO and Echo-AL underestimated LAV by 8.3 ± 22.6 and 24.0 ± 27.6 ml respectively (8.7 % and 20.0 % respectively, p \ 0.005). There was no significant difference between paroxysmal and persistent atrial fibrillation. CMR-AL and 3D-CARTO correlated and agreed well with CMR-MSM (r = 0.87 and 0.74, ICC = 0.80 and 0.77 respectively). However, Echo-AL had poor correlation and agreement with CMR-MSM (r = 0.66 and ICC = 0.48). Bland-Altman plots confirmed these findings. CMR-AL method may be used as an alternative to CMR-MSM, as it is non-invasive, rapid, and correlates well with CMR-MSM. LAV by different modalities should not be used interchangeably.
Introduction
Left atrial volume (LAV) is a strong independent predictor of adverse cardiovascular outcomes. Multiple studies have demonstrated the prognostic importance of LAV in a wide array of patient populations including those with acute myocardial infarction, non-ischemic cardiomyopathy, stroke and arrhythmias [1] [2] [3] [4] [5] . Transthoracic echocardiography (Echo) using the single plane or biplane arealength (AL) method is the most commonly utilized technique to evaluate for LAV in clinical practice. However, Echo measurement of LAV is highly dependent on the & Mushabbar A. Syed masyed@lumc.edu image quality, imaging plane and geometric assumptions; these assumptions are likely accentuated in atrial fibrillation (AF) patients with asymmetric left atrial (LA) remodeling. CARTO is a non-fluoroscopic 3D electrophysiologic mapping technique which allows for calculation of chamber volumes [6] . 3D-CARTO and cardiovascular magnetic resonance (CMR) have been shown to correlate well in the assessment of ventricular volumes [7] . Volumetric assessment of the LA volumes by CMR multislice method (CMR-MSM) is considered the reference standard for accurate assessment of LAV as it does not carry inherent geometric assumptions [8] . There is limited data on multimodality comparisons for LAV measurements. To date, there have not been any published studies comparing Echo and invasive 3D-CARTO to CMR for assessment of LAV. We sought to investigate: (1) how well Echo and invasive 3D-CARTO LAV correlate and agree with the reference standard CMR-MSM; (2) how well the more rapid cardiovascular magnetic resonance area-length (CMR-AL) method of LAV assessment correlates and agrees with CMR-MSM.
Materials and methods
We studied 250 consecutive patients with AF between July 2010 and September 2012 who underwent AF ablation. CMR and Echo studies were acquired prior to the ablation procedure. 3D-CARTO was performed during the AF ablation procedure. LAV measurements on CMR, Echo and 3D-CARTO were performed separately blinded to other modality measurements. To calculate intraobserver variability, one author (MR) measured eight patients (LAV with CMR and Echo) twice at different times blinded to the first measurement. Interobserver variability was calculated by measuring LAV with CMR and Echo in same eight patients by two authors (MR and MS) in a blinded fashion. Intra and interobserver variability of LAV with CARTO was not performed as this can only be done in real time during the procedure. The study was approved by the institutional review board of Loyola University Medical Center, Maywood, IL, USA.
Echocardiographic assessment
Standard apical 2-and 4-chamber views were obtained during Echo examination. LAV measurements were performed by biplane AL method in LA end-diastole [9] (Fig. 1) . The pulmonary veins were excluded in biplane planimetry and the border of the left atrium (LA) and left ventricle (LV) was delineated by the mitral annular plane. Measurements were obtained during LA end-diastole from the frame preceding mitral valve opening.
The interobserver variability for Echo-AL measurement was (kappa) 0.98 (95 % confidence interval 0.82-0.99). Intraobserver variability was 0.99 (95 % CI 0.96-0.99).
Cardiac magnetic resonance imaging
CMR images were acquired on a 3T scanner (Siemens Trio) using retrospective ECG gated SSFP cine sequence (slice thickness 7 mm, echo time 1.2 ms, repetition time 47.1 ms, matrix 208 9 180, field of view 300 mm). Multiple short axis slices covering the entire LA were acquired at end-expiration to measure the maximum LAV by MSM. The border of the LA and LV was delineated by the atrioventricular plane with no more than 50 % of the circumference surrounded by LV myocardial tissue. The LA appendage was excluded from measurement. For those slices where the boundary between the pulmonary veins and LA were difficult to ascertain, a cross reference tool was employed in order to better define the borders. For each short axis slice, the LA endocardial border was manually traced and volumes were calculated by summation of volume in each slice (Fig. 2) . Horizontal long-axis and vertical long-axis of the LA were acquired to measure LAV by the biplane AL method. Similar to the assessment of LAV using Echo biplane AL method, the pulmonary veins were excluded and the border of the LA and LV was delineated by the mitral annular plane (Fig. 1 ). Measurements were obtained during LA end-diastole from the frame preceding mitral valve opening. Image analysis was performed using Argus software (Siemens, Erlangen, Germany). 65 patients (26 %) were in AF at the time of CMR. LAV was quantified on all 250 patients.
Interobserver 
3D CARTO
LAV during ablation was measured by electrophysiologic mapping using 3D-CARTO technique. CARTO uses electromagnetic real-time technology to determine the location and orientation of a steerable catheter [6] . A reference electrogram is the fiducial marker which is used to determine the activation timing in the catheter to ensure collection of data during the same phase of the cardiac cycle. A catheter tip location with high accuracy can be determined after a system of patches that defines the electromagnetic field is placed on the patients back. A catheter is placed on the LA endocardium and multiple points are acquired using both fluoroscopy and intracardiac Echo guidance to select relevant boundaries (mitral valve, pulmonary veins, etc.). From these acquired points, the remaining LA surface is interpolated. At the conclusion of the mapping procedure the LAV is calculated by system software (Fig. 3) .
Statistical analysis
Statistical analysis was performed using MedCalc version 12.7.0 (MedCalc Software, Ostend, Belgium). Continuous and normally distributed variables were expressed by their mean ± standard deviation and Categorical data by their number and percentage. Differences between modalities were assessed with the student's t test for paired data. Level of agreement and bias between modalities was assessed with the Bland-Altman difference against mean plot and intraclass correlation coefficients (ICC). Correlations of volumes between modalities were assessed with Pearson's test of correlation. A p value\0.05 was considered significant.
Results
Mean age was 58 ± 10 years, 72 % were men, 53 % had paroxysmal AF, 57 % had hypertension, and 33 % had structural heart disease ( Table 1) . Average time between Echo or CMR and AF ablation was 64 and 20 days respectively. Out of 250 patients with AF, all underwent CMR, 171 underwent Echo and 231 underwent 3D-CARTO measurements.
Mean LA volumes by each modality are shown in Table 2 . LAV was higher in persistent compared to paroxysmal AF. Mean LAV using the CMR-AL method was significantly higher compared to CMR-MSM (126.1 ± 44.1 ml vs. 112.7 ± 36.7, p \ 0.005). In 231 patients who underwent both CMR and 3D-CARTO, mean LAV using 3D-CARTO were significantly lower compared to MSM (102.1 ± 31.7 ml vs. 110.4 ± 31.6, p \ 0.005). In 171 patients who underwent both CMR and Echo, the LAV by Echo-AL were also significantly lower compared to CMR-MSM (93.1 ± 27.4 ml vs. 117.1 ± 36.5, p \ 0.005 respectively). Overall, CMR-AL method overestimated LAV by 11.2 % whereas 3D-CARTO and Echo-AL underestimated LAV by 8.7 % and 20.0 % respectively (Table 3) . CMR-AL and 3D-CARTO correlated and agreed well with CMR-MSM (r = 0.87 and 0.74, ICC = 0.80 and 0.77 respectively). However, Echo-AL had poor correlation and agreement with MSM (r = 0.66 and ICC = 0.48). There were no significant differences between patients with paroxysmal or persistent AF. Bland-Altman plots revealed (Fig. 4) . Whereas, Bland-Altman plots revealed a positive bias of 13.3 ml reflecting the overestimation of LAV by CMR-AL. The limits of agreement for CMR-AL and CARTO were noticeably tighter than those of Echo (2SD: 43.5 ml for CMR-AL; 45.2 ml for 3D-CARTO; 55.2 ml for Echo).
Discussion
The prognostic value of LAV has been well established in multiple cardiovascular disease states [1] [2] [3] [4] [5] . Accurate assessment of LAV in patients with AF is imperative, as LA size is a strong predictor of successful ablation and cardiovascular events [10, 11] . To our knowledge, this is the largest study comparison of Echo, invasive 3D-CARTO and CMR for assessment of LAV in patients with atrial fibrillation.
Consistent with prior studies, we found that Echo significantly underestimates LAV by 20.0 % [12, 13] . Additionally, Echo had poor correlation and level of agreement with CMR-MSM (Table 3 ). This has important clinical implication as Echo is currently considered the clinical standard for LAV assessment. We demonstrated a significant negative bias with Echo compared to CMR for LAV assessment. This underestimation of Echo LAV may be due to several reasons. (1) As the LA dilates in patients with AF, it does so in an asymmetric fashion that renders the standard geometric assumptions of the biplane technique inadequate. (2) Foreshortening of the LA is often encountered, as the long axis of the atrium may not be perfectly aligned with the imaging plane. (3) Biplane apical 4-and 2-chamber views place the LA at the far field of the ultrasound beam, resulting in loss of lateral image 3D-CARTO has been shown to exhibit good correlation for LV anatomic reconstruction and volumes compared to CMR likely representing the fact that 3D-CARTO and CMR quantify volume measurements without geometric assumptions [7] . Our study demonstrated strong correlation and level of agreement of 3D-CARTO compared to CMR for LAV. We found an 8.7 % underestimation of LAV using 3D-CARTO. This may be due to (1) Incomplete mapping procedure: LA surface is interpolated from few endocardial points. A challenging area to sample with limited mapping capabilities is the septal region after transseptal access for CARTO [14, 15] . As the software calculates a corresponding LAV from the interpolated LA surface, it is theorized that by acquiring more points at the time of mapping, volume measurements would be more accurately performed. (2) Endocardial points for mapping are acquired during free breathing. Therefore, measurements may be acquired at various portions of respiration and points may move during the respiratory cycle resulting in respirophasic changes in LAV.
We found that LAV using the CMR-AL had excellent correlation and level of agreement with CMR-MSM. Contrary to Hof et al. (who utilized single plane CMR-AL) but consistent with Sievers et al. [16, 17] biplane CMR-AL overestimated LAV by 13.3 ml. The CMR-AL method depends on the accurate prescription and acquisition of the horizontal and long-axis views to avoid foreshortening of the LA. The shape and dimension of the LA differs according to the angle at which the image is obtained. Similar to Echo-AL technique, CMR-AL is also limited by geometric assumptions. However, LA foreshortening and endocardial definition is much better compared to Echo. It has also been shown that differences between volume techniques are greater with increased LA size [18] . Our patients with AF had a mean LAV of 113 ml which is significantly higher than healthy subjects [19] . CMR-AL can potentially save 10 min during image acquisition and post-processing when compared to CMR-MSM. In addition to accurate LAV measures, contrary to Echo, CMR has the added ability to understand the morphologic characteristics of the LA and pulmonary veins, which may translate into 
Limitations
We utilized 2D Echo for assessing LAV. Studies have suggested 3D Echo to be superior to 2D for measuring LAV because of its higher accuracy [20] [21] [22] [23] . Still, 3D Echo has been shown to underestimate LAV by 15-20 ml when compared to CMR, takes three times longer than 2D Echo for LAV assessment and there is lack of standardized software for 3D LAV measurement [21] . Despite this being the largest study comparing CMR to invasive 3D-CARTO and Echo, it was a single center study providing the inherent biases associated with such an evaluation and LAV measurements were performed on different days with possible varying volume loads.
We assessed LAV in patients with AF who are more likely to have enlarged LA due to structural remodeling. Although we did not study normal patients, the use of patients with AF undergoing ablation makes this study applicable to clinical practice. Nevertheless, extrapolation of the results to the general population needs to be further evaluated.
Conclusion
When compared to reference standard CMR-MSM for LAV measurement, the Echo biplane AL-method underestimated LAV by 20.0 % and had wide limits of agreement with CMR-MSM method. The invasive 3D-CARTO method slightly underestimated LAV by 8.7 % while CMR-AL method overestimated LAV by 11 %; both showed good correlation with CMR-MSM and narrower limits of agreement. Our results suggest that CMR-MSM method remains the preferred technique to measure LAV. CMR-AL method may be used as the next best alternative, as it is non-invasive, rapid, and correlates well with CMR-MSM. Our results also suggest that LAV by different modalities and methods should not be used interchangeably.
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